The mechanism by which the p53 family of proteins coordinately regulates select target genes after various types of cell stress is not well understood. To further define factors that dictate regulation of target genes, we examined the binding of p53, DNp63a and RNA polymerase II (pol II) to the regulatory regions of select target genes in primary human epidermal keratinocytes (HEKs) using chromatin immunoprecipitation. In rapidly proliferating cells, we observed constitutive binding of DNp63a and varying levels of p53 binding, to consensus sites in target genes involved in cell cycle arrest, DNA repair and apoptosis. Following genotoxic stress, p53 occupancy increased whereas DNp63a occupancy decreased at the majority of binding sites examined. Microarray analysis of transcripts isolated from HEKs ectopically expressing p53 and DNp63a revealed an inverse regulation of select target genes by the two family members. Collectively, our results suggest that DNp63a can function as a repressor of select p53 target genes involved in growth arrest, DNA repair and apoptosis, and that the location of the p53 consensus binding site(s) in a target gene may dictate whether pol II is constitutively bound in proliferating cells.
Introduction
The mechanism by which p53 selectively regulates its target genes is still not well defined. Many factors contribute to the ability of p53 to regulate target genes differentially. One such factor is the differential affinity of p53 for consensus DNA-binding sites. In vitro, p53 has a higher affinity for consensus binding sites of genes involved in cell cycle arrest and DNA repair than the binding sites of genes implicated in apoptosis (Szak et al., 2001; Kaeser and Iggo, 2002; Qian et al., 2002; Weinberg et al., 2005) . The 'match' of a target-gene consensus binding site to the canonical consensus binding site may affect the affinity of p53 to that site (Kaeser and Iggo, 2004) . Post-translational modifications such as phosphorylation are known to play important roles in p53 protein stability, DNA binding and chromatin access (Appella and Anderson, 2001; Bode and Dong, 2004) . Differential p53-mediated transcription of target genes may be dictated by the timing of p53 binding to regulatory regions and subsequent recruitment of the basal transcriptional machinery. Espinosa et al. (2003) recently showed that p53 is constitutively bound to both consensus binding sites in the p21 promoter. In addition, members of the basal transcriptional machinery, including RNA polymerase II (pol II), have been shown to be constitutively bound to the proximal promoters of p53 target genes involved in cell cycle arrest and DNA repair, but not apoptosis (Espinosa et al., 2003) . However, the generality of these findings is not well established.
The other p53 family members, p63 and p73, may also play an important role, whether cooperative or antagonistic, in p53-mediated signaling. DNp63a is the most abundant p63 isoform expressed at the protein level in many different squamous epithelial cells and glandular tissues (Westfall and Pietenpol, 2004) and can repress transcription at various p53 target gene promoters (Westfall et al., 2003) . However, the relative occupancy of select target genes by each of the family members after genotoxic stress in relation to other key transcription factors, such as pol II, has not been examined and was a goal of the current study.
Herein, we report that in general, p53 occupancy at consensus binding sites in target genes increased after treatment with adriamycin (ADR) and ultraviolet radiation (UV), and DNp63a occupancy decreased under these conditions. Further, we observed an inverse regulation of a panel of previously identified p53 target genes by p53 and DNp63a, consistent with the theory that DNp63a and p53 can play antagonistic roles at various target genes. These data provide insight to a potential role of DNp63a in the p53-mediated response to genotoxic stress.
Results
Divergent binding of p53 family members to target genes involved in cell cycle arrest and DNA repair To investigate the role of p53 family members in the regulation of select target genes, we examined the occupancy of p53, p63 and p73 at consensus binding sites in target gene regulatory regions using chromatin immunoprecipitation (ChIP). We used primary HEKs as our model system to minimize genetic and epigenetic alterations frequently observed in established cell lines. Before performing ChIP, we verified expression levels of the proteins under analysis and assessed the cellular response of HEKs to genotoxic agents. HEKs were treated with either ADR (0.5 mM) or UV (50 J/m 2 ) for 2, 6, 12 and 24 h. Western analysis was performed to determine pol II, p53, phospho-serine-15-p53 (P-S15-p53), DNp63a and p73 protein levels. (Figure 1 ). Untreated HEKs constitutively expressed low levels of p53 that increased after exposure to ADR and UV. This elevation in p53 protein was accompanied by an increase in p53 phosphorylation at serine 15. Conversely, there was a decrement in the levels of the only detectable isoform of p63 expressed in the primary cultures of the HEKs after both ADR and UV treatment. Over the same time courses of treatment, pol II protein remained unchanged. We were unable to detect appreciable levels of p73 protein after immunoprecipitation of 2 mg of cell lysate followed by western analysis (data not shown); therefore, we focused on p53 and DNp63a.
Levels of p21 and MDM2, increased in response to ADR and UV, confirming p53 activation (Figure 1 ). However, we did not observe any gross changes in viability of the cultures nor a robust increase in poly-ADP-ribose polymerase (PARP) cleavage (Figure 1 ). Thus, in the HEKs, ADR and UV radiation activated the p53-signaling pathway without concomitant induction of apoptosis.
To analyse p53 and DNp63a occupancy at select target-gene consensus sites, rapidly growing HEKs were either untreated, or treated with ADR or UV as described above. The cells were formaldehyde-crosslinked, and protein lysates were harvested. To generate control templates for polymerase chain reaction (PCR), identical plates of HEKs were harvested without formaldehyde-crosslinking. Lysates were sonicated to shear the chromatin and subjected to immunoprecipitation using p53 or p63 antibodies to assess for specific binding, or nonspecific isotype-matched antibodies to serve as a control. Initially, we examined p53 target genes involved in growth arrest (p21 and 14-3-3s) and DNA repair (p48 and p53R2). Using the DNA fragments immunoprecipitated with p53-or p63-specific antibodies, PCR was employed to amplify regions of the p21 (El-Deiry et al., 1993 ) and 14-3-3s (Hermeking et al., 1997) promoters, p48 5 0 -UTR (Tan and Chu, 2002) and p53R2 intron 1 (Tanaka et al., 2000) that contain p53 consensus binding sites. As a negative control, a region of the GAPDH promoter was amplified from each set of immunoprecipitated DNA fragments and detectable binding of p53 or DNp63a was not observed (data not shown).
The ChIP analyses of p21, 14-3-3s, p48 and p53R2 showed that both p53 and DNp63a were bound constitutively, in the absence of genotoxic stress, to the consensus binding sites of all genes examined (Figures 2  and 3 ). After treatment with the genotoxic agents, we observed an increase in p53 binding and a decrease in DNp63a binding to the consensus binding sites.
Phosphorylation of p53 at serine 15 (S15) is a modification that occurs after genotoxic stress that stimulates p53 transactivation (Dumaz and Meek, 1999) . We performed parallel ChIP experiments using a phospho-S15-p53 antibody. Under conditions of rapid growth, P-S15-p53 binding was not detected at any of the target-gene consensus binding sites; however, 2-6 h after treatment with ADR or UV, binding was detectable at all binding sites (Figures 2 and 3) .
To determine if there was a relationship between p53 and DNp63a binding and the occupancy of the p21, 14-3-3s, p48 and p53R2 promoters by the basal transcriptional machinery, we examined the binding of pol II to target gene proximal promoters. We performed ChIP on the same templates as described above using a pol II antibody. The resulting DNA fragments were used as template for amplification of the proximal promoter region of each p53 target gene. For these studies, the proximal promoter region was defined as the region 50-100 bp up and downstream of the transcriptional start site. In the absence of genotoxic stress, pol II was only constitutively bound to the proximal promoters of p21 and 14-3-3s (Figures 2 and 3 ). After ADR treatment, binding of pol II was elevated, remained relatively constant at the proximal promoters of p21, 14-3-3s and p53R2, and increased over time at the p48 proximal promoter. Similarly, after UV treatment, binding of pol II was elevated and remained constant at the p21 and 14-3-3s proximal promoters; however, binding increased over time at both the p48 and p53R2 proximal promoters. The lack of constitutive binding of pol II to Figure 1 Western analysis of protein expression in HEKs. HEKs were treated with 0.5 mM ADR or 50 J/m 2 UV and harvested at 0, 2, 6, 12 and 24 h. Western blots were incubated with antibodies specific for pol II, p53, P-S15-p53, p63, p73, MDM2, p21 and PARP. Equal loading was confirmed by b-actin analysis. Results are representative of six independent experiments. p53 and DNp63a coordinately regulate target genes KL Schavolt and JA Pietenpol the proximal promoters of p48 and p53R2 suggests that there is not a direct relationship between constitutive binding of p53 or DNp63a and constitutive binding of pol II. To determine the relationship between p53, DNp63a, P-S15-p53 and pol II binding and gene expression, we isolated RNA from HEKs in parallel and examined expression of p21, 14-3-3s, p48 and p53R2 using quantitative real-time PCR (qRT-PCR). We observed a significant increase in p21 (ADR: 16-fold increase, UV: 12-fold increase), p48 (ADR: 2.7-fold increase, UV: 3.6-fold increase) and p53R2 (ADR: 19-fold increase, UV: 6.1-fold increase) mRNA over the time courses of both ADR and UV treatment ( Figures 2a, 3a and b, bottom panels), whereas 14-3-3s mRNA levels stayed relatively constant (ADR: 1.6-fold increase, UV: 1.6-fold increase) (Figure 2b , bottom panel). The general findings that emerged from the ChIP binding and gene expression data were that in response to genotoxic stress, binding of p53 increased at the consensus binding sites of target genes under study, as did P-S15-p53. In fact, the latter appeared to closely correlate with significant increases in transcript levels. Concomitantly, DNp63a occupancy at the majority of target-gene consensus binding sites decreased after treatment with ADR and UV. Corresponding to these changes in consensus binding site occupancy, there was a significant upregulation of mRNA levels of the target gene over the time course of ADR and UV treatment, as observed for p21, p48 and p53R2. The exception was that although similar ChIP binding trends were observed at the 14-3-3s consensus binding sites as at the other target-gene consensus binding sites, little change in 14-3-3s mRNA expression occurred during the time course (ADR: 1.6-fold increase, UV: 1.6-fold increase). Western analysis revealed relatively high constitutive levels of 14-3-3s protein levels (Supplementary Figure 1) . Thus, in primary HEKs, 14-3-3s is regulated by additional mechanisms that diminish any significant p53-mediated increase after genotoxic stress.
Differential constitutive binding of p53 to target genes involved in apoptosis
To investigate how p53 family members regulate target genes involved in apoptosis, we amplified regions of the Noxa promoter (Oda et al., 2000) and Fas/APO1 intron 1 (Muller et al., 1998 ) that contain functional p53 Figure 2 ChIP and qRT-PCR analyses of cell cycle arrest target genes. p53, DNp63a, P-S15-p53 and pol II were immunoprecipitated from formaldehyde-crosslinked HEK lysates. Associated DNA fragments were PCR-amplified as described in Materials and methods. Nonspecific binding was assayed by immunoprecipitation of the above proteins from non-crosslinked lysates or crosslinked lysates with an isotype-matched antibody ('À' specific IP). The regions of the (a) p21 and (b) 14-3-3s promoters (two sites each) containing previously identified p53 consensus binding sites were analysed as well as the proximal promoter region of each gene. Genomic input demonstrates that the PCRs were performed in the linear range (left-most panels). The gel most representative of the average of six independent experiments is shown. Bottom panels: real-time PCR was used to quantify the expression levels of p21 (left) and 14-3-3s (right) mRNA. Each sample was normalized to GAPDH expression. Error bars represent the standard deviation derived from nine data points.
p53 and DNp63a coordinately regulate target genes KL Schavolt and JA Pietenpol consensus binding sites. Constitutive binding of p53 was observed at the Noxa consensus binding site, but not at the Fas/APO1 consensus binding site (Figure 4) . Increased binding of p53 to the binding sites in both genes was observed following ADR and UV treatment. In contrast, DNp63a bound to both the Noxa and Fas/ APO1 consensus binding sites constitutively; and its levels decreased over the time course of ADR treatment and remained relatively constant following UV treatment (Figure 4) . Phospho-S15-p53 binding increased at the consensus binding site in both the Noxa and the Fas/ APO1 genes after treatment with ADR and UV (Figure 4) . A low level of pol II was constitutively bound to the Noxa proximal promoter, and it was not detected at the Fas/APO1 proximal promoter in the absence of genotoxic stress (Figure 4) . Binding of pol II increased at both proximal promoters after ADR and UV treatment.
When we examined mRNA levels of Noxa by quantitative real-time PCR, there was a significant increase 2 h after ADR and UV treatment (Figure 4a , bottom panel) and the transcript remained elevated for the duration of the time course. A gradual increase in Fas/APO1 mRNA was observed in response to both forms of genotoxic stress (Figure 4b, bottom panel) . The more moderate increase observed could be because of the absence of constitutively bound pol II. Similar to our observations with the cell cycle arrest and DNA repair target genes, p53 and P-S15-p53 binding increased at both target-gene consensus binding sites after genotoxic stress, with increases in P-S15-p53 binding correlating with target-gene expression. Simultaneously, DNp63a occupancy at the consensus binding sites generally decreased after exposure to ADR and UV.
Inverse regulation of select target genes by p53 and DNp63a The data presented above, along with previous studies showing that DNp63a has the ability to act as a transcriptional repressor (Bakkers et al., 2002; Westfall et al., 2003; Barbieri et al., 2005 Barbieri et al., , 2006 , led us to investigate if p53 and DNp63a could coordinately regulate a broader range of gene targets. Accordingly, we infected HEKs with adenoviruses expressing p53 or DNp63a. We isolated mRNA 30 h post-infection, a time point at which we observed a very robust expression of the majority of known targets. Of note, very little, if any, detectable apoptosis occurred in the HEKs infected with p53-or DNp63a-expressing adenoviruses (data not shown). Gene expression profiles were obtained and the expression levels of a panel of p53 target genes analysed. Known p53 target genes were upregulated after ectopic expression of p53 (Figure 5a, left side) . In contrast, we observed a striking downregulation of a majority of these genes after ectopic expression of Figure 3 ChIP and qRT-PCR analyses of DNA repair target genes. p53, DNp63a, P-S15-p53 and pol II were immunoprecipitated from formaldehyde-crosslinked HEK lysates. Associated DNA fragments were PCR-amplified as described in Materials and methods. Nonspecific binding was controlled for as described in Figure 2 . The regions of the (a) p48 5 0 -UTR and (b) p53R2 intron 1 containing previously defined p53 consensus binding sites were analysed as well as the proximal promoter region of each gene. The gel most representative of the average of six independent experiments is shown. Bottom panels: real-time PCR was used to quantify the expression levels of p48 (left) and p53R2 (right) mRNA. Each sample was normalized to GAPDH expression. Error bars represent the standard deviation derived from nine data points.
DNp63a (Figure 5a , right side). The expression levels of a subset of known p53 targets were quantitatively assayed using real-time PCR (Figure 5b ). Although fold-changes varied, the inverse regulation of these genes by p53 and DNp63a was readily apparent.
Of the genes analysed, the one showing the greatest degree of upregulation by p53 and downregulation by DNp63a was MDM2. To gain some mechanistic insight to this regulation, we performed ChIP to examine p53, DNp63a and P-S15-p53 binding to the known consensus binding sites in the MDM2 gene (Zauberman et al., 1995) . Only DNp63a bound constitutively to the binding sites ( Figure 6 ). After ADR and UV treatment, increased binding of p53 and P-S15-p53 was observed, as well as a corresponding decrease in DNp63a binding. The ChIP binding patterns observed for p53, DNp63a and P-S15-p53 as well as the significant elevation in MDM2 mRNA expression in response to ADR and UV, exhibited the same trend as that seen with the cell cycle arrest, DNA repair and apoptotic target genes. Pol II was not constitutively bound to the MDM2 proximal promoter in the absence of genotoxic stress, though binding increased after both ADR and UV treatment ( Figure 6 ). The p53 consensus binding sites in the MDM2 gene are both located in intron 1 (Zauberman et al., 1995) , and thus similar to our observations with p48, p53R2 and Fas/APO1, we found that the intronic location of a consensus binding site correlates with the absence of constitutive pol II binding to the proximal promoter region. Thus, our data suggest that there is a relationship between the location of the p53 consensus binding site in the target gene and constitutive binding of pol II. Those genes with consensus binding sites 5 0 of the transcriptional start site have robust constitutive pol II binding at their proximal promoters, whereas we were unable to detect the constitutive binding of pol II to the proximal promoters of the p53 target genes with consensus binding sites downstream of the transcriptional start site and intronic.
Discussion
The goal of this study was to provide further mechanistic insight to p53 family member regulation of target genes in response to genotoxic stress. As p73 protein expression was not readily detectable in control or treated HEKs (Figure 1) , we focused on p53 and DNp63a. We observed constitutive binding of DNp63a to consensus binding sites in target genes involved in cell cycle arrest, DNA repair and apoptosis. After treatment with ADR or UV, a decrease in DNp63a occupancy was observed at the majority of binding sites examined. p53 was constitutively bound at all target-gene consensus binding sites, with the exception of the Fas/APO1 Figure 4 ChIP and qRT-PCR analyses of apoptotic target genes. p53, DNp63a, P-S15-p53 and pol II were immunoprecipitated from formaldehyde-crosslinked HEK lysates. Associated DNA fragments were PCR-amplified as described in the Materials and methods. Nonspecific binding was controlled for as described in Figure 2 . The regions of the (a) Noxa promoter-and (b) Fas/APO1 intron 1 containing previously defined p53 consensus binding sites were analysed as well as the proximal promoter region of each gene. The gel most representative of the average of six independent experiments is shown. Bottom panels: real-time PCR was used to quantify the expression levels of Noxa (left) and Fas/APO1 (right) mRNA. Each sample was normalized to GAPDH expression, followed by foldchange determination as compared with gene expression at 0 h. Error bars represent the standard deviation derived from nine data points. In our ChIP analyses, we observed increased levels of P-S15-p53 at all consensus binding sites 2-6 h following ADR or UV treatment. When p53 is phosphorylated on serine-15, p53 transactivation is stimulated (Lambert et al., 1998; Dumaz and Meek, 1999) . Our data combined with previous observations (Espinosa et al., 2003) suggest that this post-translational modification is a key regulatory step in the upregulation of target-gene expressions we observed following genotoxic stress.
We also examined the binding of pol II to the proximal promoters of select p53 target genes to determine the relationship between p53 or DNp63a and pol II binding to regulatory regions of target genes. We observed constitutive pol II binding to the p21, 14-3-3s and Noxa proximal promoters. We conclude that constitutive binding of p53 or DNp63a to target-gene consensus binding sites does not dictate the binding of pol II to target-gene proximal promoters as reported previously (Espinosa et al., 2003) . Rather, our results suggest that there is a relationship between the location of the p53 consensus binding site in the target gene and constitutive binding of pol II. The target genes p21 (El-Deiry et al., 1993 ), 14-3-3s (Hermeking et al., 1997 and Noxa (Oda et al., 2000) all contain p53 consensus binding sites in the promoter region upstream of the transcriptional start site. Robust binding of pol II was observed at these proximal promoter regions before and after treatment with ADR and UV. The p53 consensus binding site for p48 is downstream of the transcriptional start site, in the 5 0 -UTR region (Tan and Chu, 2002) , and constitutive binding of pol II to the p48 proximal promoter was not discernable. p53R2 (Muller et al., ChIP and qRT-PCR analysis of MDM2. p53, DNp63a, P-S15-p53 and pol II were immunoprecipitated from formaldehyde-crosslinked HEK lysates. Associated DNA fragments were PCR-amplified as described in Material and methods. Nonspecific binding was controlled for as described in Figure 2 . The regions of the MDM2 intron 1 containing previously defined p53 consensus binding sites were analysed as well as the proximal promoter region. The gel most representative of the average of six independent experiments is shown. Bottom panel: real-time PCR was used to quantify the expression levels of MDM2 mRNA. Each sample was normalized to GAPDH expression. Error bars represent standard deviation derived from nine data points. p53 and DNp63a coordinately regulate target genes KL Schavolt and JA Pietenpol 1998), Fas/APO1 (Tanaka et al., 2000) and MDM2 (Zauberman et al., 1995) all contain intronic p53 consensus binding sites; again, constitutive binding of pol II was not detectable at the proximal promoters of these genes. Important to the understanding of p53-, p63-and p73-mediated signaling is deciphering the mechanisms and implications of coordinate regulation of target genes by these transcription factors. Target genes are emerging that are commonly regulated by multiple p53 family members, or exhibit regulation by only a single p53 family member (Harms et al., 2004; Ihrie et al., 2005; Sasaki et al., 2005) . The results reported here support an antagonistic role for DNp63a in the regulation of select p53 target genes in HEKs; however, DNp63a can also transactivate select p53 target genes (Dohn et al., 2001; Beretta et al., 2005) . There is no doubt that target-gene expression is dictated by situation-specific stimuli and availability of specific cofactors. DNp63a may serve as a cofactor for p53, and may be important for localization of protein complexes involved in target-gene discrimination. For example, it was shown that p53 required TAp63g to initiate apoptosis in neurons, exemplifying a setting in which p53 and p63 act as cofactors (Jacobs et al., 2005) . As additional target genes are discovered, it will be important to explore the presence/absence of p53 family members at consensus binding sites under physiologically relevant conditions.
Materials and methods
Cell culture and treatment Primary human epidermal keratinocytes (HEKs) were obtained from the Vanderbilt Skin Disease Research Core. Cells (passage 3-5) were cultured as described previously (Westfall et al., 2003) . ADR was used at a concentration of 0.5 mM and cells were exposed to 50 J/m 2 UV-C (UV) using a UV Stratalinker 1800 (Stratagene, La Jolla, CA, USA).
Western analysis Analysis was performed as described previously (Westfall et al., 2003) . Primary antibodies included pol II N-20 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), p53 DO-1 (Santa Cruz), p63 4A4 (Santa Cruz), phospho-Ser15-p53 (P-S15-p53) #9284 (Cell Signaling, Beverly, MA, USA), the p73 Ab-4 cocktail (Neomarkers, Fremont, CA, USA), MDM2 SMP14 (Santa Cruz), p21 WAF1 Ab-1 (Oncogene Research Products, Boston, MA, USA), PARP #9542 (Cell Signaling), b-actin I-19 (Santa Cruz) and 14-3-3s N-14 (Santa Cruz). Immunoblotting was performed as described previously (Szak et al., 2001) .
Formaldehyde crosslinking and ChIP
This procedure was carried out as described previously (Szak et al., 2001; Westfall et al., 2003) with experimental details described in Supplementary Information.
ChIP PCR amplification
The primer sequences used in the PCR reactions are listed in Supplementary Table 1 . PCR conditions were optimized using genomic input DNA and conditions are included as Supplementary Information (under Materials and methods).
Microarray analysis
Cells were infected with adenoviruses expressing GFP, p53 or DNp63a for 30 h. mRNA was isolated as described previously (Szak et al., 2001 ) and submitted to the Vanderbilt Ingram Cancer Center Microarray Shared Resource for quality control. The RNA was processed using the standard Affymetrix protocol (Affymetrix Inc., Santa Clara, CA, USA) and hybridized to the Affymetrix GeneChip U133 Plus 2.0 as described previously (Barbieri et al., 2006) . Microarray data analyses were performed using the GeneSpring software platform (Silicon Genetics, Redwood City, CA, USA). Data were normalized on a per-chip basis to the 50th percentile, then normalized on a per-gene basis to the median signal and finally normalized with the robust-multichip-average normalization algorithm on a per-gene basis to generate ratios of p53-or DNp63a-infected cells compared with GFP-infected cells for each replicate.
Quantitative real-time PCR For the real-time PCR corresponding to the ChIP experiments, total RNA was isolated from cells using the Aurum Total RNA Mini Kit (Bio-Rad Laboratories, Hercules, CA, USA). For the real-time PCR corresponding to the microarray experiments, mRNA was isolated from cells as described previously (Szak et al., 2001) . Reverse transcription of 500 ng of total RNA or 100 ng of poly(A) RNA and quantitative realtime PCR was performed as described previously (Barbieri et al., 2006) . Primer sequences and annealing temperatures are listed in Supplementary Table 1. 
